We identified the domains of CD26 involved in the binding of Middle East respiratory syndrome coronavirus (MERS-CoV) using distinct clones of anti-CD26 monoclonal antibodies (MAbs). One clone, named 2F9, almost completely inhibited viral entry. The humanized anti-CD26 MAb YS110 also significantly inhibited infection. These findings indicate that both 2F9 and YS110 are potential therapeutic agents for MERS-CoV infection. YS110, in particular, is a good candidate for immediate testing as a therapeutic modality for MERS. FIG 1 CD26 expression and binding of MERS-CoV S1-Fc in parental Jurkat cells and CD26 Jurkat transfectants. (A) Representative histograms showing results of staining of Jurkat cells stably transfected with the full-length human CD26 (JKT-hCD26WT) or vector control (JKT-Mock) with Alexa Fluor 488-labeled anti-CD26 MAb 2F9 (5 g/ml; black).Gray histograms show results of staining with an isotype control (Alexa Fluor 488-labeled mouse IgG [msIgG-488]; 5 g/ml). Results representative of three different experiments are shown. (B) Representative histograms showing results of staining with Alexa Fluor-labeled MERS-CoV S1-Fc (5 g/ml; black) using JKT-Mock or JKT-hCD26WT. Gray histograms show staining with Alexa Fluor 488-labeled recombinant human Fc (Fc-488) as an isotype control. Results representative of three different experiments are shown.
A novel coronavirus, Middle East respiratory syndrome coronavirus (MERS-CoV), was identified in patients with severe lower respiratory tract infections with almost 50% of cases resulting in lethal lower respiratory tract infections (1) (2) (3) (4) (5) . Initially, MERS-CoV infection occurred sporadically; however, horizontal infection among human patients has been demonstrated and has potential pandemic ramifications. While MERS-CoV was reported to be sensitive to alpha interferon or cyclosporine treatment (6, 7) , there are no vaccines or effective therapies currently available for clinical cases of MERS-CoV infection.
A recent report showed that the spike (S) protein of MERS-CoV mediates infection (8) using dipeptidyl peptidase IV (DPPIV; EC 3.4.14.5) as a functional receptor (9) . This receptor is conserved among different species, such as bats and humans, which partially explains the large host range of MERS-CoV. DPPIV is also known as CD26, which is a 110-kDa cell surface glycoprotein with dipeptidase activity in its extracellular domain (10) . CD26/DPPIV is a multifunctional cell surface protein that is widely expressed in most cell types, including T lymphocytes, bronchial mucosa, and the brush border of proximal tubules. This distribution of CD26 may play a role in the systemic dissemina-tion of MERS-CoV infection in humans (11) (12) (13) . Therefore, an effective therapy for MERS-CoV infection is needed not only to block the entry of MERS-CoV into such CD26-expressing organs as the respiratory system, kidney, liver, or intestine but also to eliminate circulating MERS-CoV. More recently, crystal structure analysis revealed the CD26 -MERS-CoV binding regions (14, 15) , and manipulation of CD26/DPPIV levels or the development of inhibitors that target the interaction between the MERS-CoV S domain and its receptor may provide therapeutic opportunities to combat MERS-CoV infection. In the present study, we mapped MERS-CoV S protein binding regions in human CD26 molecules and demonstrated that anti-CD26 monoclonal antibodies (MAbs) FIG 2 Anti-CD26 MAb 2F9 inhibits binding of MERS-CoV S1-Fc. (A) Representative histograms showing results of staining with MERS-CoV S1-Fc in the presence of various clones of anti-CD26 MAbs or control mouse IgG (left). JKT-hCD26WT cells were incubated with the indicated anti-CD26 MAb (mouse MAb 4G8, 1F7, 14D10, 2F9, 16D4B, or 9C11 or humanized MAb YS110) (red) or control IgG (black) (each 10 g/ml) for 30 min at 4°C. After being washed, cells were stained with Alexa Fluor 488-labeled MERS-CoV S1-Fc (5 g/ml). Gray histograms show results of staining with Fc-488 as an isotype control. Mean fluorescence intensities (MFI) of Alexa Fluor 488-labeled MERS-CoV S1-Fc are indicated in the bar graph (right). Results representative of three different experiments are shown as mean MFI. Error bars indicate standard errors of the means (SEMs) (two-tailed Student's t test; * or **, P Ͻ 0.05 versus control IgG). (B to D) MFI of staining with Alexa Fluor 488-labeled MERS-CoV S1-Fc in the presence of various concentrations of the anti-CD26 MAb 2F9 (B), 1F7 (C), or YS110 (D) (red) or control msIgG (black). JKT-hCD26WT cells were incubated with the indicated concentrations of the anti-CD26 MAbs or control IgG for 30 min at 4°C. After being washed, cells were stained with Alexa Fluor 488-labeled MERS-CoV S1-Fc (5 g/ml). Results of three different experiments are shown as mean MFI Ϯ SEMs (two-tailed Student's t test; *, P Ͻ 0.05 versus corresponding control IgG). The black and red bars at 0 g/ml of preincubated control IgG or anti-CD26 MAbs were plotted using the same data.
FIG 3
Preincubation with MERS-CoV S1-Fc partially inhibits binding of MERS-CoV S1-Fc. (A) Representative histograms showing results of staining with MERS-CoV S1-Fc in the presence of various concentrations of unlabeled MERS-CoV S1-Fc or control Fc (left). JKT-hCD26WT cells were incubated with the indicated concentrations of unlabeled MERS-CoV S1-Fc (dashed) or control Fc (black) for 30 min at 4°C. After being washed, cells were stained with Alexa Fluor 488-labeled MERS-CoV S1-Fc (5 g/ml). Gray histograms show staining with the isotype control (Fc-488). MFI of Alexa Fluor 488-labeled MERS-CoV S1-Fc are indicated in the bar graph (right). Results representative of three different experiments are shown as mean MFI. Error bars indicate SEMs (two-tailed Student's t test; *, P Ͻ 0.05 versus corresponding control Fc). The black and dark-gray bars at 0 g/ml of preincubated MERS-CoV S1-Fc or control Fc were plotted using the same data. (B) Representative histograms showing staining with the anti-CD26 MAb 14D10 in the presence of various concentrations of MERS-CoV S1-Fc or control Fc. The experiments were conducted as for panel A. Gray histograms show staining with the isotype control (msIgG-488). that were developed in our laboratory effectively blocked the interaction between the spike protein and CD26, thereby neutralizing MERS-CoV infectivity.
In a recent study by Raj et al., anti-CD26 polyclonal antibody (pAb), but not DPPIV inhibitors, was used to inhibit in vitro MERS-CoV infection (9) . Moreover, Mou et al. demonstrated that pAbs to the MERS-CoV S1 domain efficiently neutralize MERS-CoV infection (8) . To determine the specific CD26 domain involved in MERS-CoV infection, we chose six different clones of anti-CD26 MAbs (4G8, 1F7, 2F9, 16D4B, 9C11, and 14D10) and the humanized anti-CD26 MAb YS110, which recognize six distinct epitopes of the CD26 molecule (16, 17) , to conduct MERS-CoV S1-Fc (where S1-Fc is the S1 domain of MERS-CoV fused to the Fc region of human IgG) binding-inhibition assays. For this purpose, we used a CD26-negative Jurkat cell line stably transfected with full-length human CD26 (JKT-hCD26WT) or a pcDL-SR␣296 vector control (JKT-Mock) (10) . As shown in Fig. 1A , expression of CD26 was confirmed in JKT-hCD26WT cells but not in JKT-Mock cells, and binding of MERS-CoV S1-Fc to CD26 in JKT-hCD26WT cells was also confirmed ( Fig. 1B) . As shown in Fig. 2A , 2F9 inhibited full binding of MERS-CoV S1-Fc to JKT-hCD26WT, while other anti-CD26 MAbs demonstrated some inhibition (1F7 and YS110) or no sig-nificant inhibition (4G8, 16D4B, 9C11, and 14D10). The blocking effect of 2F9 was dose dependent (Fig. 2B ). Since downmodulation of CD26 expression by anti-CD26 MAbs has been observed under certain experimental conditions (18), we evaluated surface expression of CD26, but expression levels of CD26 were not affected by changes in 2F9 concentration (data not shown). Moreover, MERS-CoV S1-Fc binding to JKT-hCD26WT was considerably inhibited by 1F7 or YS110 at concentrations of 5 to 10 g/ml or greater, but complete blocking of MERS-CoV S1-Fc binding was not achieved even at a concentration of 50 g/ml ( Fig. 2C and D, respectively). These results suggest that 2F9 as well as 1F7 and YS110 inhibited binding of MERS-CoV S1-Fc to CD26 and that the binding regions of MERS-CoV S1-Fc are fully covered by 2F9 and partially overlap with the epitopes recognized by 1F7 or YS110. On the other hand, in the presence of unlabeled MERS-CoV S1-Fc at concentrations of 10 g/ml or greater, MERS-CoV S1-Fc binding to JKT-hCD26WT was significantly inhibited (Fig.  3A) , with no change in CD26 expression levels ( Fig. 3B ). However, complete blocking of MERS-CoV S1-Fc binding was not achieved even at a concentration of 50 g/ml of preincubated MERS-CoV S1-Fc (Fig. 3A) . These results strongly suggest that the anti-CD26 MAb 2F9 has greater therapeutic potential than recombinant MERS-CoV S1-Fc to prevent viral entry into susceptible cells and that 1F7 or YS110 also blocks MERS-CoV infection.
Human CD26 is known as the adenosine deaminsae 1 (ADA) binding protein (19) (20) (21) (22) . The epitope of the anti-human CD26 MAb 2F9 was estimated to be located near the ADA binding region of CD26, whereas the epitopes of the other anti-CD26 MAbs tested, including 1F7 and YS110, did not involve the ADA binding region (16) . Moreover, the epitopes defined by 1F7 and YS110 were almost identical and binding of either antibody crossblocked the other. Consistent with our previous work demonstrating CD26 binding to ADA (19) , binding of exogenous ADA was detected on JKT-hCD26WT but not on CD26-negative parental Jurkat cells (Fig. 4A ). Although 2F9 almost completely blocked binding of ADA to CD26, 1F7 or YS110 did not block binding of ADA to CD26 (Fig. 4B) . However, as shown in Fig. 2C and D, 1F7 or YS110 considerably inhibited MERS-CoV binding to CD26. These observations suggest that MERS-CoV S1-Fc binding to CD26 involves ADA recognition sites of CD26 along with other potential CD26 domains. To further define the role of ADA recognition sites in MERS-CoV S1-Fc binding, we conducted binding assays using JKT-hCD26-ADA-negative (JKT-hCD26-ADA Ϫ ) cells, which are Jurkat cells with the ADA binding regions of human CD26 mutated to prevent ADA binding (amino acid [aa] residues 340 to 344 of human CD26 replaced with those of mouse CD26) (20) . While JKT-hCD26-ADA Ϫ cells expressed CD26, as determined by the anti-CD26 MAb 14D10, they did not bind to ADA (Fig. 4C, panels a) . Importantly, binding of MERS-CoV S1-Fc to JKT-hCD26-ADA Ϫ was clearly observed at concentrations of 5 g/ml or greater (Fig. 4C, panels b ), but the binding intensity appeared to be lower than that observed with JKT-hCD26WT ( Fig. 1B) , suggesting that the region where CD26 binds to MERS-CoV S1-Fc partially overlaps with its ADA binding re- . JKT-hCD26WT cells were incubated with the indicated concentrations of exogenous ADA or corresponding concentrations of diluted PBS for 30 min at 37°C. After being washed, cells were stained with Alexa Fluor 488-labeled MERS-CoV S1-Fc or 2F9 (each 5 g/ml). Gray histograms show results for staining with Fc-488 or msIgG-488 as an isotype control. MFI for Alexa Fluor 488-labeled MERS-CoV S1-Fc or 2F9 are indicated in the bar graphs (right). Results representative of three different experiments are shown as mean MFI. Error bars indicate SEMs (two-tailed Student's t test; *, P Ͻ 0.05 versus corresponding vehicle). The black and gray bars at 0 g/ml of preincubated ADA or vehicle were plotted using the same data. (C) Representative histograms showing results for staining with MERS-CoV S1-Fc in the presence of various concentrations of exogenous ADA with the addition of 2F9 (dashed). JKT-hCD26WT cells were incubated with the indicated concentrations of exogenous ADA or corresponding concentrations of diluted PBS for 30 min at 37°C, followed by additional incubation with 2F9 (10 g/ml) or control msIgG (10 g/ml) for 30 min at 4°C. After being washed, cells were stained with Alexa Fluor 488-labeled MERS-CoV S1-Fc (5 g/ml). The dashed histogram in the left panel shows results for staining with MERS-CoV S1-Fc in the presence of PBS with the addition of control msIgG. Gray histograms show staining with Fc-488 as an isotype control. Results representative of three different experiments are shown. gions. Taken together, these results strongly suggest that the regions where CD26 binds to MERS-CoV S1-Fc are located at the ADA recognition sites as well as additional regions distinct from the ADA binding region. Since ADA is found in the sera or body fluids, it is possible that existing ADA interferes with binding of MERS-CoV or 2F9 to CD26 in patients. We then examined whether MERS-CoV S1-Fc binding was inhibited by ADA. In the presence of ADA at concentrations of 10 g/ml or greater, MERS-CoV S1-Fc binding to JKT-hCD26WT was inhibited (Fig. 5A ) at a level similar to the level of inhibition seen with 2F9 ( Fig. 5B) . Meanwhile, CD26 expression was unchanged in the presence of exogenous ADA, as detected by the anti-CD26 MAb 14D10, which recognizes a distinct epitope (data not shown). Under this condition, adding 2F9 to exogenous ADA resulted in complete inhibition of MERS-CoV S1-Fc binding (Fig. 5C ). These results strongly suggest that the regions where CD26 binds to MERS-CoV and 2F9 overlap with each other and include the ADA binding region and additional regions and that 2F9 inhibits MERS-CoV binding to CD26 with greater efficiency than ADA.
We next characterized the CD26 epitope involved in MERS-CoV S1-Fc binding to CD26 through the use of various CD26 mutants with a deletion in the C-terminal extracellular region, since CD26 is a type II transmembrane protein (23, 24) . As shown in Fig. 6 , the constructs containing the N-terminal aa residues 1 to 739 (Fig. 6b ), 1 to 577 (Fig. 6c ), 1 to 449 (Fig. 6d ), or 1 to 358 (Fig.  6e ) did not abrogate MERS-CoV S1-Fc binding (Fig. 6 , bar graph, S1-Fc columns with one asterisk [*]), although binding efficiency was significantly decreased in comparison with that of the fulllength human CD26 ( Fig. 6a and black bars in graph) . In contrast, MERS-CoV S1-Fc binding to CD26 mutants was not detected in aa 1 to 247 ( Fig. 6f and bar graph, S1-Fc columns with two asterisks [**]), which was at levels similar to those in mock-transfected cells ( Fig. 6g and bar graph, gray columns of S1-Fc). Furthermore, the results of Fig. 6 show that the epitopes defined by 2F9 or YS110 (which recognizes an epitope similar to 1F7) were located between aa 248 and 449 ( Fig. 6 , bar graph, 2F9 columns with two asterisks) or aa 248 to 358 (Fig. 6 , bar graph, YS110 columns with two asterisks), respectively. These observations suggest that the CD26 epitope involved in binding to MERS-CoV S1-Fc might be located around aa 358, similar to the location of the 2F9 epitope. Our biological experiments above strongly indicate that binding of MERS-CoV S1-Fc to CD26 involves the ADA binding regions of CD26 as well as the additional sites distinct from the ADA binding regions, conclusions that are consistent with the results obtained in Fig. 2 and 4 and with those obtained using crystal structure analysis (14, 15) . Moreover, observation using the CD26 mutant with a deletion of aa 740 to 766 indicated that the C-terminal region may be necessary for binding of MERS-CoV S1-Fc to CD26 (Fig. 6b ). Since CD26 exists as homodimers and the C-terminal regions are located near the N-terminal membrane region to form the gate for grooves between each monomer, the deletion of the C-terminal region may disrupt the holding grooves of the dimeric CD26/DPPIV (25) , thus disrupting the binding of MERS-CoV S1-Fc to the mutated CD26. To examine the role of this C-terminal region in maintaining the conformational structure, we generated a swap mutant using rat CD26, which has been estimated not to bind to MERS-CoV (9) . The full-length rat CD26 or rathuman swap mutant consisting of aa 1 to 739 of rat CD26 with aa 740 to 766 of human CD26 showed no binding to MERS-CoV S1-Fc ( Fig. 6h and j, respectively) . On the other hand, the humanrat swap mutant consisting of aa 1 to 739 of human CD26 with aa 740 to 766 of rat CD26 (Fig. 6i) showed binding intensities to MERS-CoV S1-Fc, 2F9, or YS110 similar to those observed with the full-length human CD26 (Fig. 6a , bar graph, bars with three FIG 7 Schematic diagram of human CD26 profiling the predicted contact areas of anti-CD26 MAbs 2F9, 1F7, YS110, and MERS-CoV S1. 2F9 recognizes between 248 and 449 aa, including the ADA binding regions, and 1F7 and YS110 recognize between 248 and 358 aa, excluding the ADA binding regions. MERS-CoVcontacting residues of human CD26 are indicated by asterisks; information was obtained from recently published data (17, 18) . TM indicates a transmembrane region of human CD26 (black box), and the extracellular domain of CD26 is located at the C-terminal residues of TM. cells were stained with Alexa Fluor 647-labeled MERS-CoV S1-Fc, 2F9, or YS110 (each 5 g/ml). Gray histograms show results of staining with Fc-647 or msIgG-647 as an isotype control. The histograms for Alexa Fluor 647 were obtained by gating for GFP-positive cells among all acquired cells. Results of three different experiments are shown as percent positive cells in full-length CD26 (bar graphs, bottom). Error bars indicate SEMs (two-tailed Student's t test; *, P Ͻ 0.05 versus mock; **, P Ͻ 0.05 versus corresponding mutants; ***, P Ͻ 0.05 versus corresponding rat full-length CD26). Vertical dashed lines in the histograms indicate borders between negative and positive intensities. In the diagrams of CD26, TM indicates a transmembrane region of human CD26, and amino acids (aa) derived from human (H) or rat (R) are represented in white or dark-gray boxes, respectively. asterisks [***]). These results strongly suggest that maintaining the conformation of CD26 is important for its binding to MERS-CoV S1-Fc as well as to 2F9 or YS110. Taken together with the data that binding of MERS-CoV to CD26 was fully inhibited by 2F9 ( Fig. 2B ) and considerably inhibited by 1F7 or YS110 ( Fig. 2C and D), these results strongly suggest that the main regions of CD26 for binding to MERS-CoV appear to be close to aa 358, recognized by 2F9, and that the region of CD26 defined by 1F7 and YS110 (aa 248 to 358) was also partially involved in MERS-CoV binding. Our biological experiments on the regions of CD26 that bind to MERS-CoV using MAbs show results comparable to those obtained from crystal structure analysis (14, 15) , which are summarized in a schematic diagram of human CD26 at aa 1 to 449 ( Fig.  7) . Overall, our results indicate that targeting by 2F9 as well as 1F7 and YS110 may be an effective therapeutic strategy for MERS-CoV infection.
To determine whether treatment with anti-CD26 MAb 2F9 as well as 1F7 and YS110 could inhibit MERS-CoV infection, we preincubated susceptible cells with various anti-CD26 MAbs prior to inoculation with the virus. As shown previously, anti-CD26 goat pAb inhibited MERS-CoV infection of Huh-7 cells (Fig. 8 ). In this experimental system, infection was almost completely blocked by 2F9 ( Fig. 8) but not by control IgG or several other anti-CD26 MAbs recognizing other epitopes (4G8, 16D4B, 14D10, or 9C11) ( Fig. 8) . Moreover, the anti-CD26 MAbs 1F7 and YS110 considerably inhibited MERS-CoV infection of Huh-7 cells (Fig. 8) . These results demonstrate that 2F9 inhibits MERS-CoV entry and therefore can potentially be developed as a preventive or therapeutic agent for MERS-CoV infection in the clinical setting. More importantly, the humanized anti-CD26 MAb YS110 is being evaluated currently in patients with CD26-expressing cancers in an ongoing phase I clinical trial. Since no apparent adverse effects of YS110 have been reported besides the injection reaction, YS110 may be an immediate therapeutic candidate for clinical use as a treatment for MERS-CoV infection.
On September 17, 2013, WHO was informed of a new confirmed case of MERS-CoV infection, resulting in a global total of 114 cases, including 54 deaths (5) . A recent report of health care workers with MERS-CoV infections suggests it has person-to-person transmissibility (11, 13, 26) , elevating concerns for a potential severe acute respiratory syndrome (SARS)-like pandemic (27) . Given the potential for MERS-CoV to develop into a global health care crisis (4), development of effective and safe therapies is urgently needed. Our current results with anti-CD26 MAbs suggest the strategy of using CD26-specific reagents to inhibit MERS-CoV entry into susceptible cells and subsequent infections. The humanized anti-CD26 MAb YS110 is especially ready for testing as a potential treatment for MERS-CoV infection in the present outbreaks. 
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